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SUMMARY OF IMPORTANT RESULTS

The gas pressure sintering (GPS) process for sintered Si3N was scaled-up to

develop a property data base for use in thermomechanical applications. Opti-

mization of sintering conditions and problems with large BN crucibles in a large

pressure furnace (9 cm dia x 12.5 cm high hot zone) are described.

Room temperature fracture strength for GPS Si 3 N4 containing , 7 wt%

BeSiN 2 and "- 7% SiO 2 as sintering aids was measured on sample sizes having a

stressed volume more than 10 times larger than those investigated during last

year's program. The average fracture strength in 3-pt bend for test bars, 0.6 cm x

0.6 cm x 4.5 cm in dimensions was -440 MNm -2 (63,700 psi) for a span length of 3.8

cm and the Weibull modulus was ".8. A 25% increase in room temperature fracture

strength can be realized if Si 3 N4 test bars are given a post sintering anneal at

16000C in N2 followed by oxidation in air at 13000C for 1 hr before mechanical

testing. The fracture strength of GPS Si 3 N4 does not change much from room

temperature to 144000C, but at 15000o the fracture strength is about 50% of its

room temperature value. Fracture origins were generally associated with porous

regions within the bulk of the specimens. Average fracture strengths near 700

MNm -2 at room temperature are expected for GPS Si 3 N4 with a fine grain, fine-

pore (< 5 ij m) microstructure.

The creep behavior of GPS Si3 N4 was outstanding in air at temperatures

between 1300 and 140000 under high applied stresses between 207 MPa (30,000 psi)

and 345 MPa (50,000 psi). The creep rates after ".150 h of testing wereN. 4 x 10 5 h 1

for a 207 MPa stress at 140000 and -. 2 x 10- 6 h- 1 for a 345 MPa stress at a

temperature of 13000C. A long term creep experiment at 13000C showed that GPS

Si 3 N4 could survive an applied stress of 345 MPa (50,000 psi for 650 h without

failure, a finding not previously demonstrated. The total creep strain on this crept

bar was estimated to be only 0.11%.



The oxidation resistance of GPS Si 3 N4 was extremely high after long

exposures in flowing oxygen at temperatures between 1000 and 14000C. A

protective, thin oxide layer of a -cristobalite was detected on GPS Si 3 N4 samples

oxidized for long (500 h) times at 1300 0 C. The parabolic rate constants were 7.4 x

10-13 and 2.1 x 10-12 kg2 m-4s-1 at 1300 and 14050C, respectively, corresponding

to an oxidation rate ,, 2-3 orders of magnitude lower at 14000C than that for

commercially hot-pressed NC-132 Si 3 N4 . The activation energy for oxidation

between 1300 and 1400 0 C was calculated to be 209 kJ/mole.

A long oxidation test carried out at 10000C for 200 h showed no detectable

oxidation and confirmed that GPS Si 3 N4 does not undergo catastrophic oxidation

similar to that observed in some hot pressed forms of Y2 0 3 -containing Si 3 N4

ceramics.

A gas burner rig test was conducted for 525 h at 12000C using an air-to-fuel

ratio of 7.5/1 to determine the possible loss of beryllium from dense (>99%) GPS

Si 3 N4 when the flame impinged on the ceramic. Based on the amount of Be

detected in the residue collected at the exhaust end of the burner rig, it was

calculated that the exit gas contained 6 parts per billion by weight of Be.

Finally, we have demonstrated that injection-molded Si 3 N4 (with BeSiN 2 and

Sio 2 additives), produced by K. Styhr at AiResearch can be sintered to full density

by the GPS process.
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I. INTRODUCTION

Silicon nitride based materials are currently receiving a great deal of

attention for potential application in small automotive gas turbines to operate

eventually at turbine inlet temperatures of ^1370 0 C (%2500 0F). Perhaps the most

demanding ceramic part contemplated for use is the rotor, approximately 12.5 cm

in diameter and capable of high strength (690 MN/m 2 ) to about 1000 0C, good

oxidation and creep resistance to about 1300 0 C, and having the potential for mass

production into near-net-shapes. Until recently, the only two forms of Si 3 N4

available for use are reaction-bonded and hot-pressed Si 3 N4. Although reaction-

bonded Si 3 N4 can be mass produced conveniently into intricate shapes and exhibit

adequate creep properties, it suffers from poor oxidation behavior (because of the

high residual porosity of% 15%) and low fracture strength (typically< 500 MN/m 2).

Hot pressed Si 3 N4 is difficult to mass produce into complex shapes at reasonable

costs and usually has poor creep behavior at T < 1200 0C. Because of the

inadequacies of reaction-bonded and hot-pressed forms of Si3 N4 , the development

of sintered Si 3 N4 was cited as a priority goal for materials development for small

automotive gas turbine engines in 19741. In fact, it was in 1974 that developments

in SiC 3 and Si3N43 research led to the fabrication of dense (>90% of the

theoretical density) ceramics by the sintering process.

There are a number of difficulties in sintering Si 3N4 to full density with good

thermomechanical properties. Si3 N4 is a covalently bonded solid (-,,70% cova-

lency 4) and, consequently, a large amount of energy is required for the formation

and motion of structural defects which permit sintering by diffusion. Since

densification (macroscopic shrinkage) of powder compacts of Si3 N4 must take

place by grain boundary and/or volume diffusion mechanisms, chemical additives

and high temperatures are usually used to increase the densification kinetics by
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increasing the effective diffusion coefficient of the rate-limiting species (generally

assumed to be N, based on recent self-diffusion measurements ). In addition,

submicrometer particle sizes are usually employed to increase the sintering

kinetics as well as the rate of chemical reaction between the additive phases(s) and

the Si 3 N4 particles.

Typically, the chemical additive selected for Si 3 N4 forms a liquid (glassy)

phase during sintering by reacting with SiO 2 (and impurities) on the particle

surfaces of a -Si 3 N4 (low temperature polymorph) and transforms them into B -

Si 3 N4 , probably via a solution-reprecipitation process 6 -9 . This SiO2 -rich glassy

phase resides along the B -Si3N 4 grain boundaries and degrades the thermo-

mechanical properties via grain boundary sliding 1 0 - 1 1 and intergranular creep

cavitation 1 1 - 1 3 mechanisms. Improved mechanical properties of dense Si 3 N4 are

anticipated by reducing the amount of residual glassy phase by composition control

and subsequent induced crystallization and/or by increasing the viscosity of the

glassy phase. However, the sintering (densification) rate of Si 3 N4 is typically

decreased by reducing the amount of glassy phase and by increasing its viscosity.

To counterbalance this limited sinterability, higher temperatures (> 1800 0 C) may be

used, but then introduce the problem of thermal decomposition of Si3 N 414 and the

glassy phase, resulting in density regression and a low density of the final product.

Recent experiments 1 5 have shown, however, that thermal decomposition can be

minimized or controlled by using increased N2 pressures up to, 2 MPa. It appears

that the development of fully-dense, sintered Si 3 N4 depends strongly on the

competition between the rates of densification and thermal decomposition. This

implies the acceptance of the inconvenience of sintering Si 3 N4 at high tem-

peratures and high N2 pressures, an unusual practice in ceramics.

Details of our last year's work on the development of a gas pressure sintering

(GPS) process for making dense (>99%), sintered Si 3 N4 with outstanding thermo-
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mechanical properties were presented in a Final Technical Report . This report

showed that small (0.5 to 5g) samples of Si3 N4 , containing 0.5-1.0 wt% Be and 2.5-

3.7 wt% 0, could be sintered reproducibly to < 99% relative density by a two-step

(GPS) process. The average 3-pt bend strength of test bars 0.25 x 0.25 x 1.9 cm

span length was 600 MPa at room temperature and 1550 MPa at 1300 0C in air.

The creep resistance of GPS Si 3 N4 was excellent and exhibited steady state creep

rates of only 4.6 x 10- 7 and 6.9 x 10-6 h - 1 at 1300 and 14000C, respectively, for an

applied stress of 69 MPa. The oxidation rate was extremely low between 1000 and

1500 C and was sensitive to furnace impurities. Complex shape demonstration was

achieved by the fabrication of modified T-700 blades by slip casting with final

sintered densities as high as 98% of the theoretical value.

11. SCOPE OF WORK

The main thrust of the current program is to scale-up the GPS process for the

composition of Si 3 N4 containing densification aids of 7 wt% BeSiN2 and 3.4-3.7

wt% oxygen for generation of thermomechanical data for comparison with other

high temperature structural materials. Physical and mechanical properties will be

determined at room temperature and high temperature, 1300 0 C. A number of

specimens of GPS Si 3 N4 will be sent to AMMRC for additional thermomechanical

testing. Finally, gas burner rig studies will be performed to determine the take-up

rate of airborne particulate beryllium-containing species from GPS Si 3 N4 by the

exhaust gases for operational conditions approximating 12000C in an oxidizing

flame for a test duration of 500 to 1000 hours.

Ill. EXPERIMENTAL PROCEDURES

A. Preparation of BeSiN 2 Additive

The sintering aid, BeSiN 2, was prepared by mixing equimolar quantities

of Be3 N2 and Si 3 N4 and reacting according to the equation:

Be3 N2 + Si3 N4 = 3 BeSiN 2
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Typically the starting Be 3 N2 powder is -60 mesh and must be handled in a dry

N2 glove box because of its hygroscopicity. Sylvania SN502 Si 3 N4 powder

(specific surface area - 4.5 m 2g-1 ) was used as a source of high purity

material. These reactants were mixed in a Nalgene jar mill for I hour using

heptane and Si 3 N4 grinding media. After mixing, the slurry was dried in the

N2 glove box for about 12 hours and then collected. The dried powder

mixture was isostatically pressed at a low forming pressure of "u14 MPa, and

then the green slug was placed in a BN crucible for heating. Chemical

reaction occurs conveniently at 1600-1700°C for 20 min in 2-3 MPa of N2

pressure. The resulting powder was confirmed by XRD to be BeSiN 2 plus a

trace of -Si 3 N4 . A reaction temperature of 1600 0 C for 40 minutes is

preferred because the resulting BeSiN 2 powder is softer. Thus far, 80 grams

of BeSiN 2 powder have been synthesized for our in-house use.

During this program a request for BeSiN 2 additive came from Mr.

Karsten Styhr who is currently undertaking an injection molding program for

promising Si 3 N4 ceramics. He has injection molded General Electric's Si 3 N4

composition into test bars (5.1 cm x 0.3 cm x 0.6 cm) and standard

AiResearch turbocharger wheels (T-4 size) 7.5 cm in diameter measured

across the blade tips. Consequently over 150 grams of BeSiN 2 additive was

synthesized for the AiResearch program to help speed-up the fabrication of

complex shapes of the GE Si 3 N4 composition.

B. Processing Pure Si 3 N4 Powder

High purity Sylvania SN502 Si 3 N4 powder was selected as the major

powder source. It was decided that processed, "pure" Si 3 N4 powder could be

used for qualifying the best powder pressing techniques and sizes and shapes

of dies used for the scale-up process for sintered Si 3 N4 containing the BeSiN 2

additive. Typically, 450 grams of SN502 powder was ball milled for 72 hrs in
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a steel mill using hexane as a liquid medium. The milled powder was leached

- for 12 hrs with a 7.4% HCI solution to remove metallic impurities

introduced during milling. The "frothy" Si3 N4 slurry was then washed

repeatedly with H2 0 until there was no detection of Fe 2+ ions by the

K 3 Fe(CN)6 test. The next step involved washing the slurry with acetone to

remove the Cl ions. This was done until there was a negative test using

Ag(NO 3 ). After the acetone washing was completed, the slurry was dried for

"12 hrs at room temperature in a ventilated hood. The milled Si 3 N 4 powder

usually has a specific surface area of - 10 m 2/g and is typical of a standard

sinterable Be-containing Si 3 N4 powder.

C. Processing SN502 Si 3 N 4 Containing BeSiN 2 Additive

A total of 4 batches of sinterable Si 3 N4 powder were prepared by

adding 7 w/o of BeSiN 2 as a sintering aid. Three batches were prepared in

1200 g amounts starting with Sylvania SN502 Si 3 N4 (Lot #04-48) by a process

similar to that described above except the BeSiN 2 was added prior to milling.

The batches were identified as SN502-95, SN502-100, and SN502-105. Batch

SN502-105 was leached with solution of 7.4% HCI and 9.1% HNO 3 . A fourth

batch was prepared using 300 g of SN502 Si 3 N4 (Lot #04-12) which had been

previously prepared by the procedure described above which contained no

BeSiN 2 additive. An addition of 7 w/o BeSiN 2 was made by ball milling in a

steel mill for 8 hrs. After milling, the powder was leached with a solution of

7.4% HCI and 9.1% HNO 3 followed by the normal washing procedure. This

batch was identified as SN502-lI0. Table I presents the specific surface area

(Ss ) as determined by single-point B.E.T. nitrogen adsorption method, oxygen

content as determined by neutron activation analysis and Fe and Cl content.
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Table I

Characterization of Processed SN502 Si 3 N4 Containing ReSiN 9 Additive

Batch # §s m2/g Oxygen w/o Fe ppm Cl ppm

SN502-95 10.4 1.54 450 610

SN502-100 11.5 1.69 230 520

SN502-105 10.4 2.12 270 < 70

SN502-110 11.4 3.54 133 N.A.

It has been found that the CI impurity can be reduced to '600 ppm by

more extensive acetone washing and it can even be reduced to 100 ppm or

less by oxidizing the processed powder at 1000 0 C for 10 ain. Since all

sinterable powders receive an oxidation treatment before sintering, extensive

acetone washing is not necessary. Similarly, more extensive water washing

and leaching can reduce the Fe impurity from 450 to 230 ppm but it was

found that a second HCI + HNO 3 leaching step could reduce the Fe impurity

to, 30 ppm. A typical photomicrograph of the final processed powder (not

oxidized) is shown in Fig. 1. The small fraction of elongated particles I to 2

m in length is probably associated with the 6 -Si 3 N4 phase detected by XRD.

The SN502 Si 3 N4 powder generally contains 60 to 80% crystalline material,

about 92% of which is a -Si3N 4 and 8% S -form, and the remainder of the

powder consists of amorphous Si3N 4 . The majority of Si 3 N4 particles are

%0.2 w m in size, equiaxed and probably of the alpha and amorphous forms.

Some early sintering experiments were carried out using sinterable

powders previously produced during last year's program. These processed

powder compositions were SN502-23A and SN502-57 and had similar particle

sizes, oxygen contents, beryllium contents and impurities as those described

above.
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D. Powder Forming

Powder compaction was initially achieved by both die and isostatic

pressing of powders containing no binders or lubricants. Typically, a compact

was first die-pressed in a double-acting die at a pressure of , 28 _MPa and then

pressed isostatically at , 200 MPa. Several sizes and shapes of green

compacts were investigated. Small cylindrical-shaped green compacts having

weights of1 1 g and dimensions of -1 cm in diameter x u1 cm high were

formed for many qualification runs used to optimize the sintering conditions.

Large cylinders of 15 g and having dimensions of -u 2 cm in diameter and ,,3.3

cm long were fabricated to compare sintering results for material fired in the

large sintering furnace with that for material sintered in the small furnace

used last year. Mechanical test bars were prepared from green compacts

having a weight of %5 g and dimensions of%6 cm x 1 cm x 1 cm. Several large

disks %5 cm in diameter x 1 cm high, were formed to show size capability

achievable by the pressing method described.

It was found that the green density of compacts could be increased by

the addition of lubricants. The lubricant solution used consisted of 150 cc 2-

propanol, 50 cc dibutyl phthalate, 3 cc oleic acid and 8 g stearic acid. The

lubricant was mixed in with the powder in a mortar and pestle and the

propanol was allowed to evaporate. After evaporation of the propanol, the

other constituents remained in the powder and the weight percent lubricant

to be reported is based on the constituents that actually remain in the

powder. Utilization of the pressing procedure reported above, it was found

that compacts containing no lubricant, 5 w/o lubricant and 10 w/o lubricant

achieved green densities of 48.0%, 49.2% and 52.7% of theoretical (3.18

g/cm 2). The reported green densities were determined after removal of the

lubricant by heat treating at 600 0 C in air for 1 hr.
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E. Oxidation of Powder Compacts

The processed Si 3 N4 powders with 7 w/o BeSiN 2 contain insufficient

oxygen content for high sinterability. A controlled oxidation process(18)

previously established permitted oxygen take up and good distribution of this

densification aid. Generally, the compacts of the initial composition studied

herein require % 3.2-3.7 w/o oxygen for high sinterability. Previous discussion

of the oxidation process was based on the oxidation of Si 3 N4 by the reaction:

Si 3 N 4(s) + 0 2(g) = 3 SiO 2 (s) + 2 N2(g)

Based on weight gain measurements, the total oxygen content, 0 T of an

oxidized compact is determined from the equation(19):

0 T  0 Oi + 2.4 (AW/Wf x 100)

where 0. is the initial oxygen content before oxidation and A W/Wf is the

weight gain during oxidation relative to the final weight, Wf.

Another possibility which must be considered is the oxidation of

BeSiN 2 . Experiments were done to determine the relative rates of oxidation

of BeSiN 2 and Si3 N4 at 1045 C for 2 hrs. in air. The BeSiN 2 was used in the

as-reacted state (preparation described previously) and as such should have

had a lower surface area than the Si3N 4 which had been milled for 72 hrs.,

leached and washed. After oxidation, the BeSiN 2 gained 1.35 w/o and the

Si 3 N4 gained 0.1 w/o, which indicates that BeSiN 2 oxidizes more rapidly than

Si 3 N4 .

X-ray diffraction of the oxidized BeSiN 2 indicates that the most

probable oxidation product is BeSiO 3 by the reaction:

BeSiN +3/20 =BeSiO +N2(s) 2(g) 3(s) + 2(g)

The appropriate equation for total oxygen content is:

0 T = O i + 2.33 (A W/Wf x 100)

Since this equation is almost identical to that given for oxidation of

Si 3 N4 , the oxygen contents previously reported should be quite accurate.
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The furnace used for the oxidation treatment was Kanthal heated and

has a hot zone of 20 cm x 20 cm x 10 cm. It has the capability of a rapid

heating rate of 1000 0 C/h. The oxidation behavior of compacts of Batch

SN502-95 was studied and is presented in Figure 2. The total oxygen content

for compacts held for 1 hr at temperature rises markedly from ',2.8 w/o at

9500C to , 3.8 w/o at 1025 0 C. The percent weight gain experienced by 1 g

and 15 g compacts was essentially identical, indicating that sample size

effects should be minimal and that gradients in oxygen content across the

sample should not be a problem with increasing sample size.

F. Equipment Set-up and Calibration

The high temperature creep rig was rebuilt to insure reliable operation

for long term creep experiments. The sensitivity of this creep system was

calibrated with sintered s-SiC specimens at 13000C and 1450 0 C. The results

showed that the creep rig can reliably measure creep rates as low as 1 x 10- 6

h-1.

The large high temperature high pressure sintering furnace was de-

bugged and the true temperature was determined at 3.6 Mna N2 pressure by

the melting point of alumina. It was determined that a correction factor of

115 0 C above the optical pyrometer reading was required for true tem-

perature. The sale-up sintering furnace was checked out to 2200 0 C with N2

pressures up to 7.1 MPa.

IV SCALE UP OF THE GAS PRESSURE SINTERING PROCESS

A. Initial Experiments

Initial sintering experiments were conducted to verify that the large

high pressure furnace (9 cm diameter and 12.5 cm high hot zone) was capable

of producing high density (>99%) Si 3 N4 by the GPS process. Powder

compositions SN502-23A and SN502-57 which were previously sintered to
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> 99% density in the small N2 pressure furnace were investigated. Small (2

g) compacts of SN502-23A with an oxygen content of 3.6 w/o were sintered

to densities of 98.5% by the standard 2 step process in which, 2.3 MPa of N 2

was applied at 2140 0 C for 15 min followed by 6.9 MPa of N 2 at 2005
0C-

2055°C for 15 minutes. The weight loss of the u98.5% dense sample was

1.3%.

Since relatively high density (98.5%) was achieved in the high pressure

furnace, a new batch, SN502-95, containing 7 w/o BeSiN 2 was examined.

Sintering experiments were made in the large high pressure furnace with 15 g

compacts (1.9 cm dia x 3.3 cm high) and 3.9 wt% oxygen. The specimens

were placed in a BN crucible (2.1 cm ID x 4.6 cm high) which had been baked

out at 1955 0 C for 60 min in N2 to remove volatile impurities. No specimens

had been fired in the new crucible which was the same size as the old BN

crucible used to fire the SN502-23A samples discussed above. The first

specimen (SN502-95-4) achieved a fired density of 94.8%. Accurate tem-

perature measurement was not possible due to the growth of a fibrous deposit

in the SiC sight tube. Removal of the fired specimen from the crucible

revealed that a white deposit, identified by XRD to be BN, was present on

the surface of the sample, especially on the ends. The second firing (SN502-

95-5) employed -, 20 0 /min heating rate to a 20 minute isothermal hold at

2145°C under 2.5 MPa of N2 and a 20 minute isothermal hold at 2035°C

under 6.9 MPa of N The relative density of this sample was 93.6%. The

specimen did not display as much of the white deposit as did the previously

fired sample but definite crucible effects were apparent. Densification of

the sample was impeded on the end in contact with the BN crucible. The bulk

of the3 compact experienced - 20% linear shrinkage compared to 17.4% where

contact was made with the BN. All subsequent firings utilized a sintered

- 10 -
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Si3N 4 setter between the sample and the crucible. A ceramographic section

of the sample revealed that a higher density region existed at the surface,

indicating too rapid a heating rate with concomitant temperature non-

uniformity throughout the sample. Subsequent firings revealed that a heating

rate of 8-10 °C/min above 1750 0 C gave uniform microstructural appearance

with no obvious density differences from center to surface of the sample.

Due to the low (93.6%) density of specimens fired to 2145°C in the first

step of the GPS process, it was necessary to increase this temperature. A 15

g compact (SN502-95-7) with 3.6 w/o oxygen was fired at 2175°C in 2.2 MPa

of N2 for 20 minutes in the first step and 2085 0 C in 6.9 MPa of N2 for 20

minutes in the second step and achieved a density of 98.6% with a weight loss

of 0.62%. Another sample, (SN502-95-8) was isostatically pressed at 345 MPa

(50,000 psi) instead of the normal 207 MPa (30,000 psi) and was fired at

2130°C in 2.3 MPa of N2 for 20 minutes in the first step and 2090 0 C in 6.9

MPa of N2 for 20 minutes in the second step. This sample achieved a fired

density of 99.0% and a weight loss of 0.19%. The high density achieved for

the 15 g sample represents the attainment of state-of-the-art that was

accomplished in the small high N2 pressure furnace of the previous AMMRC

contract.

Sintering experiments were conducted on bars (5.8 cm x 1 cm x 1 cm)

which were cold pressed at k 24 MPa and isostatically pressed at 207 MPa. A

bar (SN502-95-10) was fired in a vertical position in the furnace at 2205 0C,

2.3 MPa, 20 minutes in the first step and 2085°C, 6.9 MPa, 20 minutes in the

second step. The specimen was observed to exhibit substantial thermal

decomposition on the top 1/3 of the bar but not on the bottom. It was

apparent that although the tip of the SiC sight tube was fully in the hot zone,

the specimen was not. Additional porous carbon was placed in the furnace in
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order to raise the specimen further into the hot zone. To prevent thermal

decomposition of the specimen, the firing temperature was decreased. A 6 g

bar (SN502-95-11) was fired at 2145 C, 2.1 MPa, 30 minutes in the first step

and 20450 C, 6.9 MPa, 30 minutes in the second step thus attaining a final

density of 98.8% and a weight loss of 0.98%.

The initial sintering experiments described above served the purpose of

debugging the large furnace and establishing the procedures for accurate

temperature measurement, having the sample placed in a uniform hot zone,

and the general time, temperature and pressure parameters required to

produce high density sintered Si 3 N4 .

B. Effect of Temperature on the Second Step of the GPS Process

Although the effect of pressure on the densification kinetics during the

second step of the GPS process had been investigated during the last

contract, the effect of temperature had not been fully explored. To better

understand the second step of the GPS process, a series of ' 1 g cylindrical

specimens (0.9 cm dia x 1.0 cm high) were fired. The conditions of

temperature, pressure and time for the first step were kept constant at

2145 0 C in 2.2 MPa of N2 for 30 minutes and yielded a final density of 92.3%

and weight loss of 0.44%. Specimens were fired individually with the

parameters of the first step constant and the parameters of the second step

varied but only with respect to temperature. The pressure was maintained at

2.2 MPa rather than increasing it, and the isothermal soak time was 30

minutes. The temperature of the second step, final density and weight loss

are summarized in Table 11.
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Table U1

Sample # Second Step TPtt _Pf,% jW/W , %

SN502-95-12 No second step 92.3 0.44

SN502-95-13 2145 0 C, 2.2 MPa, 30 mm 93.6 0.83

SN502-95-14 2045 0 C, 2.2 MPa, 30 mm 97.9 0.91

SN502-95-15 1995°C, 2.2 MPa, 30 mm 98.7 1.23

SN502-95-16 1955 0 C, 2.2 MPa, 30 mm 99.9 1.77

SN502-95-17 1905 0 C, 2.2 MPa, 30 mm 93.8 2.18

SN502-95-18 1955 0 C, 2.2 MPa, 60 mm 94.8 2.84

It was observed that the first step of the process yielded a density of

92.3%, for which closed porosity was obtained. By increasing the hold time

from 30 to 60 minutes under the defined condition of the first step, the

density only increased to 93.6% and the weight loss doubled. By maintaining

pressure constant and decreasing the temperature the density reached a

maximum of 99.9% at 1955 0 C. The density was observed to decrease as

temperature was decreased to 1905 0 C. In addition, a specimen was held at

1955 0 C, the temperature of maximum density, for 60 minutes rather than 30

minutes and the density decreased to 94.8% and the weight loss increased

from 1.77 to 2.84%. This result is not understood and the experiment should

be repeated to verify the effect.

The point to be emphasized is the unusual result of increasing density

*i and weight loss with decreasing temperature. The first step of the sintering

process requires heating the specimen containingn. 7 w/o BeSiN 2 and 7 w/o

SiO2 to 21450 C, in 2.2 MPa of N2 for 30 minutes. This treatment prevents

the thermal decomposition of Si3 N4 due to high N2 pressure while permitting

a liquid phase of unknown composition to form. The liquid is believed to be a

beryUium-silicon-oxynitride initially, which promotes liquid phase sintering.
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As the Si3N4 dissolves, transports through the liquid and precipitates out, the

compact densities and decreases its specific surface area. It is believed that

the precipitated -Si 3 N4 is in fact a a-Si 3 N4 solid solution containing

significant amounts of Be and 0 as confirmed by x-ray analysis. It has been

observed that the densification proceeds to a "limiting" density of ",93.6%

after 60 minutes at 2145°C. Further increases in temperature may provide

additional liquid phase to permit further densification, but probably at the

expense of the mechanical properties due to increased grain size.

To more fully understand the effect of increasing density with de-

creasing sintering temperature at constant pressure in the second step of the

(GPS proe., the sintered specimens shown in Table UI were examined with

SEM. The sintered samples were sectioned, metallographically polished and

chemically etched prior to SEM examination. The etchant was a fused salt

containing 4:4:1 parts by weight of NaOH, KOH and LOH, respectively, and

samples were etched for 30 minutes at 2000C. Figure 3 shows the

microstructure of sample SN502-95-12 at 10,000 X which had been fired at

2145°C, 2.2 N1Pa, 30 min. This contrasts with Figure 4 which shows the

microstructure of SN502-95-13 which had been fired at 2145 0 C, 2.2 MPa, 60

minutes. The most prominent observation is the large increase in grain size

caused by a 60 minute soak over the 30 minute soak. It is believed that the

grain growth and concomitant pore coalescence(18) are the causes of the

observed "limiting" density (N93.6%) which occurs when the 2145°C iso-

thermal hold is extended to longer times. The increase in grain size indicates

that the time and temperature parameters of the first step of the GPS

process are important in controlling the final grain size. Figure 5 shows the

microstructure of SN502-95-14 which was fired at 20450C, 2.2 MPa, 30 min.

in the second step and achieved a density 97.9%. The grain size is smaller
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than shown in Figure 4 indicating that dropping the soak temperature in the

second step not only increases the fired density but serves to maintain a

smaller final grain size. Figure 6 shows the microstructure of SN502-95-15

which was fired at 1995 0 C, 2.2 MPa, 30 min. in the second step and shows a

grain size which more closely approximates that obtained in the first step of

the GPS process. (Fig. 3). The same observation is apparent in Figure 7 which

shows SN502-95-16 which was fired at 1945 0 C, 2.2 MPa, 30 min. and

achieved a densit.y f 99.9%. By decreasing the soak temperature in the

second step to 1905 0 C, the density dropped to 93.8% and no further gains

were available by decreasing the soak temperature.

Inll 1t4t to the decrease in grain size with decreasing soak tem-

perature in the second step, it was also observed that the etching of the grain

boundary became less pronounced thus indicating the presence of a smaller

amount of liquid phase at the lower temperature. This is consistent with the

results of Huseby et al. 20 which indicate a greater solubility of Be and 0 in

the -Si 3 N4 solid solution with decreasing temperature, which would cause

the liquid phase to "dry up" as it dissolves into the -Si 3 N3 lattice. Lattice

parameter determinations of the a -Si 3 N4 solid solutions were conducted by

Debye-Scherrer analysis to see if this effect could be observed. The results

shown in Table III indicate that no clear trend was observed.
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Table IlI

Lattice Parameter Determination of the B -Si 3 N4 Solid Solution
0 0

Sample # a, A c, A

SN502-95-13 7.5890 + 0.0002 2.9012 +0.0008

SN502-95-14 7.5876 + 0.0019 2.9015 + 0.0007

SN502-95-15 7.5880 + 0.0016 2.9015 + 0.0006

SN502-95-16 7.5878 + 0.0012 2.9017 + 0.0004

SN502-95-16 7.5866 + 0.0016 2.9013 + 0.0006

SN502-95-18 7.5877 + 0.0008 2.9018 + 0.0003

The reason for the increase in fired density with decreasing soak tem-

perature at constant pressure during the second step of the GPS process is

still not understood.

One possibility for the increased densification is the solubility of the N2

trapped in the closed pores with decreasing temperature. If the N2 solubility

in the liquid phase increases with decreasing temperature then the gas

pressure in the pores will decrease and thus remove the barrier to pore

closure and densification will proceed. The equilibrium composition of the

liquid phase as a function of temperature is not known and therefore the

discussion must be speculative in nature. If it is assumed that the equilibrium

liquid composition shifts from oxygen-rich toward nitrogen-rich as tem-

perature decreases, then the nitrogen in the pores would be dissolved into the

liquid phase and some Be and 0 should dissolve into the F -Si 3 N4 solid

solution. It may be possible that insufficient N2 exists in the porosity to

satisfy the equilibrium composition and that 02 must be expelled from the

liquid phase. It is clear from neutron activation analysis shown in Table IV

that with decreasing soak temperature in the second step of the GPS process,

oxygen is lost from the compact. Thermodynamic considerations suggest that
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the oxygen evolves from the compact in the form of SiO(g). These

thermodynamic considerations are supported by the fact that SiC fibers were

observed to grow on the outside of the crucible where the crucible cover

screws into the crucible, thus indicating that a silicon-containing vapor

species evolves from the compact and reacts with a C-bearing vapor species.

Table IV presents the sample #, the oxygen content of the sintered specimen,

the observed weight loss and the expected weight loss when calculated as

SiO(g).

Table IV

Results of Oxygen Analysis

A W/W ,%
Sample # Oxygen w/o observed Oxygen w/o A W/Wo O SiO

SN502-95-12 3.99 0.44 0 .44

SN502-95-13 3.98 0.83 0.01 .47

SN502-95-14 3.64 0.91 0.35 1.40

SN502-95-15 3.45 1.23 0.54 1.93

SN502-95-16 3.36 1.77 0.63 2.18

The calculated weight loss as SiO(g) was determined by considering that

SiO contains 36.3 w/o oxygen and 63.7 w/o silicon. The observed weight loss

for SN502-95-12 was 0.44 w/o and served as a baseline, and calculated

oxygen w/o was referenced to this sample.

The weight loss due to SiO loss was calculated from

(AW/Wo~si O = 0.44+ oxygen%

Table IV shows that the weight loss calculated as SIO loss is greater

than the observed weight loss but follows the same trend. If N 2 is in fact

soluble in the liquid phase then a weight gain due to N2 dissolution may

account for the discrepancy. It is emphasized that the above discussion is

speculative and open to further reasoning as more data becomes available.
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A Be analysis was conducted on the sintered specimens to determine if

any Be was lost. Due to difficulty encountered when trying to dissolve the

specimens the analysis gave very erratic results and are considered inac-

curate. The results are presented in Table V.

Table V

Results of Beryllium Analysis

Sample # Be w/o

SN502-95-12 0.49

SN502-95-13 0.65

SN502-95-14 0.57

SN502-95-15 0.72

SN502-95-16 0.67

SN502-95-17 0.74

SN502-95-18 0.61

Although the details of why dropping the soak temperature in the

second step of the GPS process are not understood, it is clear that it is

beneficial to the sintering process.

C. Effect of Soak Temperature in the 1st Step of the GPS Process on

Density Using the 2-Step GPS Process

Sintering experiments were conducted on Batch SN502-100 to deter-

mine how low the soak temperature in the first step of the GPS process could

be and still obtain closed porosity. It is the sintering time and temperature in

the first step which predominantly controls the final grain size of the sintered

specimen. From the standpoint of achieving the highest possible modulus of

rupture, it is essential to minimize the final grain size. It was anticipated

that if closed porosity could be achieved in the first step then the application

of high N2 pressure in the second step would result in pore closure and a high
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density specimen. Closed porosity occurs atx 92% density and the results of

the sintering experiments are presented in Table VI.

Table VI

Effect of Sintering Temperature in the First Step of the GPS Process on Density

Temp. Pressure Soak Time

Sample # °C psi min P f% AW/W >%

SN502-100-2 2030 320 30 93.3 0.96

-3 1980 315 45 93.0 0.98

-5 1960 312 60 91 1.12

-4 1940 305 60 85 0.90

It was observed that a sintering temperature of at least 1980 0 C in the

first step was required to obtain closed porosity. A specimen (SN502-100-9)

was then fired at 2000 0 C for 30 minutes under 315 psi of N2 in the first step

and 1945 C for 30 minutes under 1000 psi of N2 . The fired specimen had a

density of 93.0% and a weight loss of 1.52%. Although the specimen had

achieved closed porosity in the first step, it did not go to full density upon

application of high pressure. It was again observed that the weight loss

increased with decreasing temperature in the second step. A series of

experiments was conducted wherein the soak temperature in the first step

was increased and the conditions in the second step were kept constant at

1950 0 C for 30 minutes under 1000 psi N2 . The results are presented in Table

VII which shows that by increasing the sintering temperature in the first step

to 2095°C it is possible to attain a fired density of > 99%.
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Table VIII

Sa mple # ist Step 2nd Step :f6 " V/WVo%

SN502-100-9 2000°C, 30 min, 310 psi 1945 0 C, 30 min, 1000 psi 93.0 1.52

-10 20350C, 30 min, 320 psi 1950°C, 30 min, 1000 psi 96.5 1.76

-11 20600C, 30 min, 320 psi 19500C, 30 min, 1000 psi 98.8 1.91

-13 20950C, 30 min, 350 psi 1950 0 C, 30 min, 1000 psi 99.1 2.37

It was observed that the soak temperature in the first step must be

-1000°C above the temperature at which closed porosity occurs if 99%

density is to be realized in the second step. The reason for this is not totally

clear but it is believed to be associated with the amount and/or composition

of the liquid phase developing at these high temperatures. Since there is no

phase diagram available for this system at high temperature, the liquid phase

contains light elements, and the grain boundary phase is extremely thin,

analysis of the situation is very difficult.

D. Crucible Effects

It was mentioned previously that firing specimens in "unconditioned" BN

crucibles results in the deposition of BN on the specimen. After a few firings

of 15 g samples (1.9 cm dia x 3.3 cm high) in a small BN crucible (2.1 cm I.D.

x 4.6 cm high) the BN deposition on the sample ceased and uniform high

density samples were obtained. The same situation does not hold however

when firings are conducted in a large (6.6 cm I.D. x 6.5 cm high) BN crucible.

The sintering experiments discussed in the previous section which were

directed toward an understanding of the second step of the GPS process

utilized 1,1 g cylindrical specimens (0.9 cm dia x 1.0 cm high) contained in a

BN crucible of dimensions, 2.1 cm I.D. x 4.6 cm high. The surfaces of the

fired specimens were the characteristic dark grey color of dense Si 3 N4 with

no evidence of BN deposition. Several firings were done at 2145°C, 2.2 NIPa,

- 20 -



30 min. in the first step and 1945 C, 2.2 NIPa, 30 rin. in the second step in a

larger BN crucible (6.6 cm I.D. x 6.5 cm high). After firing, the I g

cylindrical specimen had a white deposit on the surfaces which was sub-

sequently identified by XRD to be BN. All specimens had been placed on a

sintered Si3N 4 setter and the surface in contact with the setter was dark

grey and underwent the expected shrinkage. The exposed surfaces did not

densify fully as evidenced by the flared shape of the fired cylinder. In

addition, a substantially higher weight loss was observed; 1.8 w/o in the small

crucible versus 4 w/o in the large crucible, and a density decrease from

99.9% to 93%.

To insure that all impurities were out of the large crucible and that it

was properly conditioned, the crucible was heat treated at 2205 C, 2.4 MPa

for 60 minutes. A smaflUl g sample was fired and the BN deposition

persisted. A second conditioning treatment involved placing 10 g of SN502

Si 3N4 containing no additives in the crucible and repeating the high tem-

perature heat treatment. A sintering experiment wv¢ .vS sequen..y per-

formed whereby a specimen was placed in the large BN crucible. A second

specimen enclosed in the small crucible with lid on was also placed in the large

crucible. Then, the lid for the large crucible was screwed on. Sintering was

performed at 2145 0 C, 2.2 MPa, 30 minutes in the first step and 2005 0 C, 3.5

MPa, 30 minutes in the second step. The specimen in the small crucible

achieved a fired density of 97.1% and a weight loss of 1.46%, whereas the

specimen in the large crucible had a density of 92.9%, a weight loss of 4.5%

and was coated again with BN. This experiment indicated that the problem

may be associated with crucible-to-sample volume ratio. Since the N 2

pressure and apparent firing temperatures must be the samc 'or both

crucibles, it was speculated that enhanced loss of SiO(g) from the sample
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occurs in the large crucible. If the SiO(g) pressure rises to some near

equilibrium value then the larger volume crucible requires a greater weight

loss. Supporting evidence of SiO loss is provided by the ' -SiC fibers which

were observed to grow around the threads of the crucible lid.

An experiment was conducted whereby SiO powder (0.06 g) was placed

in the bottom of the large BN crucible in addition to the 1 g Si 3 N4 (SN502-

95-27) specimen which was on a sintered Si 3N 4 setter. The sample was fired

at 2095 0 C, 2.2 MPa, 20 minutes and experienced a 4.5% weight loss,

distortion and a white deposit on the surfaces. Again the 2-SiC fibers were

observed around the crucible lid and there was no evidence of the SiO powder

in the crucible. It appears that increasing the vapor pressure of SiO(g) in the

crucible does not suppress the weight loss nor the transport of BN from the

crucible to the sample.

Another unsuccessful approach toward suppression of the BN transport

and sample weight loss was tc )aint a slurry of SN502 Si 3 N4 on the inside of

the crucible. After coating the crucible with Si 3 N4 and drying overnight at

150 C a sample (SN502-95-28) was fired at 2130 C, 2.2 MPa, 30 minutes in

the first step and 1985 C, 3.5 MPa, 30 minutes in the second step. After

firing, the Si 3 N4 powder which was painted on was white in color as was the

surface of the specimen, which was distorted due to differential shrinkage.

A BN crucible (6.5 cm dia. x 2.5 cm high was machined and was heat

treated to remove impurities. The crucible was loaded with loose SN502

Si 3 N4 powder several times and heated to 2200 0 C under 320 psi N 2 in order

to "season" the crucible. Subsequent firings of test bars revealed that BN

transport remained as a problem. The only way found to date to minimize BN

transport is to load the crucible with as many samples as possible to provide a

small ratio of crucible volume/sample volume and/or crucible surface/sample

surface.
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The use of a graphite crucible proved to be unsuccessful since the Si N43* 4
sample was partially converted to SiC. Also, the use of a SiC setter during

firing was unsuccessful as evidenced by "dishing" of the sample.

V. MECHANICAL PROPERTIES

A. Modulus of Rupture

1. Qualification of Scaled-up Material

Initial M.O.R. measurements were made to qualify the success of the

scale-up procedures. Five bars were prepared from Batch SN502-95 con-

taining 7 w/o BeSiN 2 with an oxygen content of - 3.6 w/o. The specimens

were fired in 3 separate runs with nearly identical firing schedules which

included a 20 minute isothermal hold at 2115 0 C at 2.2 MPa N2 pressure in the

first step and 1990 0 C, 6.9 MPa for 25 minutes in the second step. The final

densities of the 5 specimens were 99.2%, 99.2%, 99.4%, 99.1% and 99.1%,

thus indicating reproducible densification for a given firing schedule. The

length of each sintered bar was approximately 4.5 cm. Three-point bend

specimens were prepared by surface grinding the samples with a 320 grit

wheel at 0.0005" per pass until the faces were flat and parallel. Then 0.002"

were removed from each face of the bar with a 500 grit wheel at 0.0002" per

pass. Finally the edges were hand chamfered with a 15 pm diamond lap. The

modulus of rupture was determined by 3-point bending with a span length of

3.8 cm and a crosshead speed of 0.5 mm/min. The results are presented in

Table VIII.
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Table VIII

M.O.R. Results of Scaled Up GPS Si 3N4

Sample # % ; W (cM) h (cm) 1 (cm) M.O.R.(MNm - 2)

1 99.2 0.60 0.61 3.81 522

2 99.2 0.62 0.62 3.81 416

3 99.4 0.62 0.62 3.81 476

4 99.1 0.55 0.55 3.81 349

5 99.1 0.55 0.55 3.81 431

The average M.O.R. was 439 NINm - 2 (63,668 psi) with a standard

deviation of 65 MNm - 2 and a Weibull modulus of 7.8. Results obtained in the

previous contract (EC-76-A-1017-002) are summarized in Table XI.

Table XI

Summary of Previous Results

Billet # M.O.R. MNm - 2 Weibull Modulus # Specimens

35 & 38 560 9.1 8

77 597 8.3 5

78 496 8.7 5

The results summarized above were obtained from specimens fired in the

small high N2 pressure furnace and represent a sample size of 0.25 cm x 0.25

cm x 1.9 cm (span) or a volume of 0.12 cm 3 . The average M.O.R and Weibull

modulus of all samples are 551 MNm - 2 and 8.7 respectively. It is possible to

calculate if the lower strength obtained from the larger samples (0.58 x 0.58

x 3.81 cm) is consistent with the Weibull concept.

The average modulus of rupture of a group of specimens represents the

strength at which there is 50% probability of failure. By assuming an average

value of m and equating the probability of failure for the large volume and

small volume samples sets, it is possible to predict the average strength of
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any given sample volume. It will also be assumed that the strength-limiting

flaw distribution exists within the volume of the material rather than at the

surface. The probability of failure (P) for this case is:

P e - KV )m

0

where P = probability of failure

K = geometrical constant, for 3 pt. bend K - 1

2(m + 1)2

m = Weibull Modulus

V = sample volume

a = average 3-point bend strength

a = Normalizing Weibull parameter0

By equating the probability of failure for the larger (PL) and small

volume (PS) sample sets one obtains:

PL = PS

1KVSLt) m 1nKVS m

vL (as\Lm

I L = m n_

where: VS = 0.25 x 0.25 x 1.91 = 0.12 cm3

VL = 0.58 x 0.58 x 3.81 = 1.28 cm 3

a = 551 MNm
-2

m = 8.7

In 1.28 8.7 In 551
TM. aY L

aL = 420 MNm
2
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Therefore, the predicted M.O.R. for the larger volume samples is 420
-9

'1Sm . The actual M.O.R. was 439 MNm 2 which is within 5% of the

predicted value, thus giving good agreement. The Weibull modulus was

estimated from a sample size of 18 specimens which can lead to an

uncertainty of +30% in the actual value of m with an 80% confidence

bound(2 1). The plotted Weibull modulus, m, for the large specimens was 7.8.

2. Fracture Origins

Al 5 M.O.R. specimens were examined by SEM after testing to

determine the location of the fracture origins and the nature of the flaw at

the origin. All fracture origins were observed to be in the volume of the

material, not the surface. There were 2 apparent types of flaws: (1) porous

regions and (2) inclubions. Figure 8a and b show an example of a porous

region as the strength-limiting flaw. It was observed that the Si 3 N4 grains in

the porous region are large and have a high aspect ratio. Figure 9 a and b

show an example of an inclusion as the strength-limiting flaw. The chemical

composition of the included phase was not identified.

3. Effect of Heat Treatment on the Room Temperature Modulus of

Rupture

Twenty bars (5.8 cm x 0.8 cm x 0.8 cm before firing) were prepared

from Batches SN502-87 (prepared under previous AMMRC contract) and

SN502-100 containing 7 w/o BeSiN 2 with an oxygen content of 3.5 w/o. The

specimens were fired with a 30 minute isothermal hold at 2105 0 C under 2.2

MPa N2 pressure in the first step and a 30 minute isothermal hold at 1950 0 C

under 6.9 MPa N2 pressure in the second step. After sintering, the bars were

machined as described previously and divided in four groups for heat

treatment and M.O.R. testing. Group I was tested in the as-machined

condition. Group 2 received a I hour treatment in air at 1300 0 C prior to
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testing. Group 3 was annealed at 1600 °C for 8 hours under 1.8 MPa of N2

before testing. Group 4 was annealed at 1600°C for 8 hours under 1.8 MPa of

N2 followed by a 1 hour treatment in air at 1300 0 C prior to testing. Modulus

of rupture measurements were determined by 3-point bending with a span

length of 3.8 cm and a crosshead speed of 0.5 mm/min. The results are

presented in Table X.

Table X

M.O.R. Results of Heat Treated GPS Si 3 N4

Group # th- h (cm) w (cm) 1 (cm) M.O.R. (MPa)

1 99.3 0.52 0.61 3.81 447

99.2 0.52 0.61 3.81 367

99.2 0.52 0.61 3.81 386

99.2 0.52 0.61 3.81 395

99.2 0.52 0.52 3.81 405

2 99.8 0.52 0.62 3.81 412

99.0 0.52 0.62 3.81 482

NA 0.52 0.62 3.81 415

99.0 0.52 0.52 3.81 379

99.5 0.51 0.62 3.81 381

3 99.7 0.52 0.62 3.81 391

99.6 0.51 0.62 3.81 469

NA 0.48 0.62 3.81 319

NA 0.48 0.62 3.81 476

99.4 0.51 0.62 3.81 445

4 NA 0.52 0.62 3.81 548

98.9 0.52 0.62 3.81 402

99.4 0.52 0.62 3.81 476

99.5 0.50 0.62 3.81 644

99.5 0.51 0.62 3.81 412

After M.O.R. testing the data was analyzed for average strength,

standard deviation and Weibull Modulus. The results of the analysis are

presented in Table XI.
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Table XI

Results of Heat Treated M.O.R. Specimens

Ave. M.O.R. Std. Weibull
Group # (MPa) Deviation (MPa) Modulus

1 400.0 29.5 15.3

2 414.7 41.7 10.8

3 419.9 65.5 6.9

4 496.1 101.0 5.6

The results show that all heat treatments increase the average M.O.R.

of GPS Si 3 N4 . Group #4, which was annealed at 1600 0 C for 8 hrs in N2 and

oxidized for 1 hr in air at 1300 0 C, had the highest average value of 496 MPa.

It must be recognized that only a small number of specimens (5) were broken

for each treatment and the accuracy of the statistics is questionable. For a

sampling size of 5, the real Weibull Modulus, m, could be 40% lower or 80%

higher with an 80% confidence bound (2 1 ).

4. High Temperature Modulus of Rupture

Test bars from scaled-up GPS Si 3 N4 were machined by the procedure

described previously to provide specimens of dimensions of % 0.25 cm x 0.50

cm x 3.8 cm. The specimens were broken in 3-point bending in air at 1400 0 C

and 1500 0 C. The results are presented in Table XI.

Table XII

High Temperature M.O.R. of Scaled-Up GPS Si 3 N4

TestTemperature o(C h (er_m) W (cm) I (cm__) M.O.R. (MPa)

1400 0.27 0.50 3.81 377

1400 0.27 0.50 3.81 409

1400 0.27 0.50 3.81 445

1500 0.27 0.50 3.81 232

1500 0.27 0.50 3.81 292

1500 0.27 0.50 3.81 313
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Analysis of the test results showed that at 14000 C the average strength

was 410 MPa with a standard deviation of 34 MPa and a Weibull Modulus of

13.8. At 1500 0 C the average strength was 279 MPa with a standard deviation

of 42 MPa and a Weibull modulus of 7.2. Again the number of samples tested

was small and the values of the Weibull Modulus are certainly questionable,

however the values of the average strength should be quite representative.

Figure 10 presents a plot of M.O.R. vs. temperature and shows exceUent

strength retention at 1400 0 C, and a sharp decrease in strength between

1400 0 C and 1500 0 C. The 2 curves shown in Figure 10 represent the average

M.O.R. vs. temperature for different sample sizes. Examination of the

fracture origins in GPS Si 3 N4 has revealed that the strength-limiting flaws

are porous regions which exist in the volume of the test bar rather than

machining or surface flaws. The upper curve represents the M.O.R. vs.

temperature for test bars with a sample size of 0.25 cm x 0.25 cm x 1.9 cm

(span) or a volume of 0.12 cm 3 . The room temperature data point of 551 MPa

was determined from the 18 test specimens broken under the previous

AMMRC contract (#EC-76-A-1017-002). The data points at 1400 0 C and

1500 0 C were obtained by taking the data presented in Table XII and scaling it

to the small sample size (0.12 cm 3 ) by the procedure previously described

which assumed m = 8.7. The room temperature data point in the lower curve

was taken from the 10 bars ( 0.58 x 0.58 x 3.81 cm) which were broken in the

as-machined condition (See Table VIII and Table X). Combining these 2 sets

of test bars yielded an average strength of 420 MPa, a standard deviation of

52 MPa and a Weibul Modulus of 9.7. The data points at 14000C and 1500°C

were obtained by taking the data presented in Table XII and scaling it to the

large sample size (1.25 cm 3) by the procedure previously described which

assumed m = 8.7.
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S. Fracture Origins

Fracture origins of the highest and lowest strength bars for each of

Groups I - 4 were identified by scanning electron microscopy of the fracture

surfaces. The predominant strength-limiting flaw was found to be porous

regions in the bulk of the specimen. The origin of the porous regions is

unclear at this point. One possibility is a non-uniform distribution of BeSiN 2

densification aid. It is believed, however, that this is not the probable cause

since at the sintering temperature the liquid is highly reactive and should wet

all grain surfaces. A more probable cause may be the presence of hard

agglomerates after drying of the milled, leached and washed powder which

are never broken up during mixing of the lubricant in the mortar and pestle or

during pressing. Further gains in strength may be possible with improved

procedures for preparing green compacts.

B. Creep

The creep behavior of GPS Si 3 N4 was measured in air as a function of

temperature at a constant stress of 207 MPa (30,000 psi). Creep deter-

mination was made on a test bar machined from sample SN502-95-9 which

produced 3 creep specimens. The creep specimen (2.5 mm x 2.5 mm x 4.5

cm) was loaded in a 3-pt. bending mode using SiC fixtures with a span of 2.24

cm. Deflection of the test specimen was measured with a DC-operated

LVDT manufactured by Schaevity Engineering, Model #050DC-D and had a

sensitivity of 80 V/cm.

It was found that the placement of the core inside the LVDT was not in

the calibrated portion of the detector. However, the voltage versus

displacement of the LVDT was determined for the arrangement used during

the creep runs. It was found that the sensitivity of the LVDT was 12.47

volts/cm. Although some error may be possible, the results are believed to

be accurate to within 20%.

3
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The furnace was heated to 1300 0 C and allowed to equilibrate for 5 hrs.

prior to applying the stress of 207 MPa (30,000 psi) which was accomplished

by dead weight loading external to the furnace. The stress was applied for a

period of 23 hrs. and a power outage caused a shut down of the creep rig.

The load was again applied and allowed to creep for 23 hrs. in order to reach

steady state creep. Measurement of creep rate at 1300 0 C under 207 MPa

was then measured over a 92 hr. period. Using a stress exponent, n, of 2.2

the calculated steady state strain rate, , was 7.9 x 10-7 /hr. With the load

applied the furnace temperature was then raised to 14000 C and the sample

allowed to creep for 27 h to attain steady state. Measurement of creep rate

at 1400 0 C was done over a 45 hr. period and was calculated to be 3.2 x 10-
6 /hr assuming n=2.2. The temperature was dropped to 1350 0 C and allowed to

equilibrate under load for 32 hrs. Measurement of creep rate at 1350 0 C was

done over a 174 hr. period and was calculated to be 5.76 x 10-7/hr. The

thermocouple on the creep rig failed causing the furnace to shut down. The

furnace was cycled from room temperature to 1300 0 C three times during

repairs. The creep rate at 1300 0 C was measured again over a 115 hr period

and was calculated to be 3.90 x 10- 7 /hr. assuming n=2.2. This creep rate was

a factor of 2 lower than the first measurement at 1300 0 C. This effect may

be associated with the "annealing" effect previously reported by Greskovich

and Palm(18) (Final Rept. Contract #DAAG46-78-C-0058).

A second creep specimen (SN502-95-9-2) was tested in the same

sequence as reported above, namely, at 1300 0 C, 1400 °C, 1350 0 C and 1300 0 C

under a stress of 207 MPa (30,000 psi). Very good agreement was observed

between the 2 specimens, and the results presented in Figure 11 show the

creep rate as a function of temperature for GPS Si 3 N4 under a stress of 69

MPa and 210 MPa. The results show that the creep rate of the GPS Si 3 N4 is
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probably dependent in a favorable way on thermal history which is consistent

with the "annealing" effect reported by Greskovich and Palm.

The creep specimen (SN502-95-9-2) was heated to 1300 0C in 3 hrs and

allowed to equilibrate for 16 hrs with only the weight of the load train

applied (0.5 MPa (3700 psi)). The load was applied to give a stress of 207 MPa

(30,000 psi), and the specimen was allowed 30 hrs. to attain steady state

creep before the measurement was initiated. The creep rate at 1300 0 C under

207 MPa was measured over a 67 hr. period and was found to be 5.27 x 10-6

/hr assuming a stress exponent, n, of 2.2. With the load applied the furnace

was raised to 1400 °C and allowed to creep for 15 hrs to attain state.

Measurement of creep rate at 1400 C was done over a 36 hr period and found

to be 3.75 x 10- 5 /hr assuming n = 2.2. The temperature was dropped to

1350 C and allowed to equilibrate under load for 36 hrs. The creep rate at

1350 C was measured over a 55 hr. period and was found to be 4.45 x 10-6/hr.

The furnace was then dropped to 1300 C and the creep rate measured again

over a 28 hr. period and was found to be 2.62 x 10-6 /hr.

The above sequence of testing allowed the specimen to be stressed at

207 MPa (30,000 psi) for 125 hrs. at 1300 0 C, 91 hrs. at 1350 C and 51 hrs. at

14000 C. Maintaining the temperature at 1300 0 C, the load was increased to

345 MPa (50,000 psi). The specimen was then held at 1300 0 C for 650 hrs.

with a 345 MPa (50,000 psi) stress without sample failure, a result not

previously demonstrated. The measured creep rate was observed to decrease

with time and the results are shown in Table XIII which presents Che observed

creep rate, , over various time intervals. A major conclusion from these

results is the very low creep rates observed for GPS Si3 N4 at 1300 C in air

when 50,000 psi (maximum tensile stress) is applied for 650 h. In addition,

the sample showed little total creep strain and little difference in appearance

from an as-machined test bar.
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Table XHI

Observed Creep Rate versus Time at 1300 C Under 345 MPa Stress

Time Interval (hrs) . (hr - 1)

0 - 50 4.09 x I0-6

50 - 100 3.07 x 10-6

100 - 200 2.22 x 10- 6

200 - 300 1.36 x 10- 6

300 - 400 1.02 x 10-6

400 - 500 1.71 x 10- 6

500 - 600 6.82 x 10-7

600 - 650 6.82 x 10-7

VI. OXIDATION RESULTS ON GPS Si 3 N4

The oxidation behavior of dense (>99%), GPS Si3 N4 was investigated over the

temperature range of 1000 to about 14000C in oxygen for times up to 500 h.

Typically, bar-shaped samples were used that had surface areas betwen 5 and 12

cm 2 and weights between I and 5 grams.

The oxidation of clean test pieces of sintered Si3 N4 finished with 500 grit

diamond was accomplished in a Al 2 0 3 tube furnace. Bars were leached in

concentrated HCI for 2 h. and then washed in distilled water and in alcohol,

respectively. A specimen was placed on an oxidized SiC setter which lay on a

A12 0 3 boat and inserted into the hot furnace within 5 minutes. During the

oxidation experiment, the furnace temperature was controlled within + 2 °C. The

specimen was periodically removed from the hot furnace and its weight measured

on a Mettler H54 AR balance capable of measuring to the nearest 2 x 10- g. The

amount of oxidation was determined from weight gain measurements expected

according to the reaction Si3N 4 + 3 2(g ) + 3 SiO 2 + 2 N2(g ) . Parabolic oxidation

kinetics were observed in all cases and the parabolic rate constant (k p) was

determined by using equation,
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(C W/A) k pt

where W/A is the change in weight per unit area and t is the oxidation time.

The oxidation results for GPS SI3N 4 oxidized at 1300, 1355 and 1405 0 C are

shown in Fig 12. Here, the data is presented on a (1W/A) 2 versus t plot for which a

linear curve indicates parabolic oxidation kinetics. The general, overall oxidation

data show that the GPS Si 3 N4 composition exhibits excellent oxidation resistance.

For example, after 30U i,. of oxidation at 1300°C the weight gain per unit area

(1W/A) was only (0.8 g2 m-) or less than 0.1 mg/cm 2 . The lw/A-value was only

( 2.2 g m-4) or" , 0.15 mg/cm" for oxidation at 1405 C for- 300 h. The parabolic

rate constants for oxidation at 1300, 1355 and 1405 C were 7.4 x 1013, 1.4 x i012

and 2.1 x 10- 1 2 kg m- 4 s - 1, respectively. These results show that the scale-up
GPS Si 3N4 has an oxidation rate -- 2-3 orders of magnitude lower than that for

commerically hot pressed NC-132 Si 3 N 4 oxidized in the same furnace at 1400°C.

The activation energy for oxidation was calculated from the slope of the plot of log

kp versus 1/T for the three data points and was determined to be 209 kJ/mole (50

kcal/mole). This activation energy is only about 4 the value previously determined

on the "same" GE composition that was probably oxidized under "contaminated"

conditions(18).

A long term oxidation experiment carried out at 1300 0 C for 500 h showed

that the sample still followed parabolic behavior and showed little color change as

compared to the unoxidized material. The AW/A-value for this sample was found

2to be 0.12 mg/cm , a very low value for Si 3 N4 ceramics. A 100 h exposure at

1000 0C in flowing oxygen also showed no detectable weight gain or no measureable

oxidation.

The oxidized samples were characterized by XRD analysis and optical

microscopy. The x-ray spectra of various samples oxidized at 1300-1400 C showed

only the presence of -cristobalite in the oxide scale. Optical microscopy and
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visual inspection showed a fine network of microcracks in the oxide film which was

very thin and coherently-bonded to the Si3 N4 substrate.

VIII. DETERMIN-TION OF POSSIBLE BERYLLIUM LOSS FROM GPS Si N:34
A small gas burner rig was designed and constructed to determine if there

was any Be loss from the sintered Si N under oxidizing conditions at 1200 0 C. The
3* 4

gas burner rig, shown schematically in Figure 13, provided an enclosed reaction

chamber whose components, which were down stream from the Si 3N4 samples,

were sulphuric acid-leached after the experiment to determine if a Be loss occurs.

Since the atmosphere in the reaction chamber is oxidizing, it was anticipated that

the Be should exist as BeO or a Be-containing oxide or hydroxide which is soluble

in H 2SO The reaction tube was heated by a Kanthal A-I wound tube furnace that

was fitted with microprocessor programming and proportional band control. The

control thermocouple (Pt-Pt/10% Rh) was placed between the I.D. of the wound

tube and the O.D. of the reaction tube to provide for minimum temperature

fluctuation in the reaction tube. An additional Type S thermocouple was placed

inside the reaction tube to monitor the sample temperature. The torch gas and air

flows were monitored by flowmeters as was the excess air flow. The air to fuel

ratio was 7.5/1, or 9 standard CFH of air and 1.3 standard CFH of city gas. The

torch was adjusted so that the flame directly impinged on the samples. The hot gas

passed over the sample and through a bed of pyrex beads which were held in place

on either end by porous alumina plugs. Water cooling coils provided a heat sink so

that gas passing through the bubbler was not hot. At the gas flows utilized, about

35 ml/hr of H 20 were produced, thus making it necessary to remove water from

the bubbler periodically. The water which was periodically removed was evap-

orated, and the residue was analyzed for Be.

The gas burner rig test was conducted for 525 hours at 12000C to determine

the possible loss of beryllium from dense (> 9906) GPS Si 3 N4 . The Si 3 N 4 used in the

2experiment had an initial weight of 11.65 grams and a surface area of 58 cm
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After testing the GPS Si 3 N4 appeared to still have sharp edges and corners,

suggesting little material erosion under test conditions. During this long term

experiment the GPS Si 3 N4 exhibited a weight gain of 0.07 w/o caused by possibly

both oxidation and/or impurity pick-up from the gas or the mullite furnace tube. It

was noted that some of the surfaces of the GPS Si 3 N4 had a very shiny, smooth,

glass-like appearance after the gas burner test. Energy dispersive analysis (EDA)

by X-ray and XRD were conducted to determine what cation impurities and phases

were present as compared to the surfaces of the GPS Si3N4 not exhibiting the shiny

surface layer. The XRD results showed no difference and the phases present were

I -Si 3 N4 and a -cristobalite. E.D.A. results showed the presence of K and Ti

impurities on the sample having the shiny surface. The McDanel MV30 mullite tube

is reported to contain 0.5 w/o TiO 2 and 0.7 wt% K 20 and is therefore the source of

the impurities found.

The total internal surfaces of the burner rig system were washed (leached)

with surfuric acid to dissolve any existing BeO, Be-containing oxide or hydroxide

that might have escaped as airborne species from the GPS Si 3 N4 ceramic.

Leaching was done in the same glass tray that was used for evaporation of the

water which was removed from the bubbler. This insured that all Be would be

collected. The acid solution was then evaporated and the residue collected. A

sample of the residue was analyzed for Be by atomic absorption spectroscopy and

was found to contain 0.16 w/o in the residue. The residue collected weighed 0.74 g

and corresponds to a total weight loss of 1.2 x 10 - 3 g of Be from 11.659 g of GPS

Si 3 N4 , corresponding to a 0.01% weight loss. By considering the amount of air (8.0

cfh) and gas (2.5 cfh) flowing through the gas burner rig, it was calculated that the

exit gas contained 6 ppb by weight of beryllium.

It is speculated that the Be is removed from the GPS Si3N 4 as Be(OH) 2 '

More experiments will have to be conducted to determine if the only Be removed is
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that which is contained in the oxidized layer on the surface of the GPS Si 3 N4 or if

Be will continually diffuse from the bulk and through the SiO 2 layer.

IX. ADDITIONAL SINTERING STUDIES

i. Sintering of Starck LC-12

Initial sintering experiments have been conducted on Starck LC-12

Si 3 N 4 with the addition of 7 w/o BeSiN 2 . The BeSiN 2 was added to the LC-

12 powder by wet mixing in a nalgene jar with heptane and Si 3N 4 media on a

paint shaker for one hour. One gram cylindrical specimens ( 1.0 cm dia x 1

cm high) were cold pressed at 3200 psi and isopressed at 30,000 psi. These

specimens were then oxidized to yield a total oxygen content of 2.45 w/o,

3.22 w/o and 3.44 w/o. All specimens were fired at 2110 0 C for 30 minutes

under 330 psi N 2 pressure in the first step and 1950 0 C for 30 minutes under

1000 psi N, pressure. The specimen containing 2.45 w/o oxygen achieved a

final density of 98.5%. Sectioning after firing revealed the presence of a

crack at the center of the specimen. The cause of this crack is unknown at

this time. It should also be noted that a lower oxygen content is required to

achieve high density for the LC-12 powder compared to the SN-502 powder.

The specimens containing 3.22 w/o and 3.44 w/o oxygen achieved fired

densities of 94.3% and 94.2% respectively. Sectioning after firing revealed

that gross bloating had occurred. Again, the cause of the bloating is not

understood. It is apparent, however, that both the firing schedule and the

oxygen content will have to be optimized specifically for the LC-12 powder.

2. Sintering of Si 3 N4 Containing 7 w/o BeSiN 2 Which Was Injection Molded

by AiResearch

A batch of BeSiN 2 (150 g) was prepared and shipped to Karsten Styhr at

AiResearch. Using their own procedures, the BeSiN 2 was added to SN502

Si 3 N4 and injection molded. Four injection molded test bars with the binder
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removed were received. The bars were placed in a furnace and heated slowly

(400°C/hr) to 600 0C for ', 90 minutes in air to insure complete binder

removal. A weight loss of 1.2% was observed and 2 of the bars had cracks in

them indicating that the heating rate was probably too high. The green

density of the injection molded bars were measured to be 58.8% which is

quite high relative to the 52.7% observed for the pressing procedure used at

0GE. It was determined that oxidation at 920 C for 30 minutes in air gave an

oxygen content of 3.9 w/o. Two bars were required for determination of the

oxidation conditions and the other 2 were sintered. Sintering conditions were

a 30 minute isothermal hold at 2110 0 C under 2.2 MPa N2 pressure in the first

step and a 30 minute hold at 1950 0 C under 6.9 MPa N2 in the second step.

Final densities were 98.0% and 97.8% of theoretical. After firing, the bars

exhibited some bloating, indicating that most of the sample had achieved full

density.

Six more bars were received from K. Styhr so that the bloating problem

could be eliminated. The previously dewaxed test bars were heated to 650 C

for 45 minutes in air and a 0.75% weight loss was observed. Bar #11 was

oxidized at 885 C for 30 minutes to yield 0 T = 3.8. Sintering at 2110 0 C for

30 minutes under 2.2 MPa N2 in the first step and 1950 C for 30 minutes under

6.9 MPa N2 in the second step yielded a density of 97.9% and a weight loss of 2.1

w/o. Bloating of the sample was still apparent. Bar #12 was oxidized at

8500C for 30 minutes in air to yield 0 T = 3.1 w/o. Sintering was done by

dropping the temperature in the 1st step by 1000C to 2010 C with all other

conditions kept the same as previous firings. The specimen achieved 100%

density and a weight loss of 0.5 w/o. Bars #13 - 19 were the oxidized at

855 C for 30 minutes in air and yielded OT = 3.3 w/o. TaL.e XIV summarizes

the densities and weight losses observed after sintering at 2010 C for 30
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minutes under 2.2 MPa in the first step and 1950 C for 30 minutes under 6.9

MPa in the second step.

I
Table XIV

Sintering Results of Injection Molded AiResearch Bars

Bar # %P f %A W/Wf_

13 99.92 1.10

14 99.92 0.89

15 99.99 1.11

16 99.5 0.94

18 99.99 1.10

19 99.99 1.11

- 39 -

i _ *IIIII I I ... m~m. , . = L .. I. I



REFERENCES

1. A.E. Gorum, J.J. Burke, E.M. Lenoe, and R.N. Katz, in Proceedings of the

NATO-CCMS Symposium on Low Pollution Power Systems Development,

Dusseldorf, November 1974.

2. S. Prochazka, in Ceramics for High Performance Applications, edit, by J.J.

Burke, A.E. Gorum and R.N. Katz, Brook Hill Pub. Co., Chestnut Hill, Mass.,

1974.

3. G.R. Terwilliger, J. Am. Ceram. Soc. 57 48 (1974).

4. L. Pauling, The Nature of the Chemical Bond, Cornell Univ. Press. 1939.

5. K. Kijima and S. Shirasaki, "Nitrogen Self-Diffusion in Si 3 N4 1", J. Chem.

Phys. 65 (7) 2668-71 (1976).

6. S. Wild, P. Grieveson, K.H. Jack and M.J. Latimer; pp. 377-84 in Special

Ceramics 5. Edited by P. Popper. British Ceramic Research Association,

Stoke-on-Trent, 1972.

7. R.R. Wills, "Silicon Yttrium Oxynitrides", J. Am. Ceram. Soc. 57 (10) 459

(1974).

8. L.J. Bowen, R.J. Weston, T.G. Carruthers and R.J. Brook, "Hot Pressing and

the - Phase Transformation in Si 3 N4 ", J. Mat. Sci., 13 341-50 (1978).

9. C. Greskovich, "Hot-Pressed -Si 3 N4 Containing Small Amounts of Be and 0

in Solid Solutions" J. Mat. Sci. 14 2427-38 (1979).

10. F.F. Lange, "High Temperature Strength Behavior of Hot-Pressed Si 3 N4 :

Evidence For Subcritical Crack Growth", J. Am. Ceram. Soc. 57 (2) 84-87

(1974).

11. R. Kossowsky, D.G. Miller and E.S. Diaz, "Tensile and Creep Strengths of

Hot-Pressed Si 3 N4
t', J. Mat. Sci. 10 983-97 (1975).

12. S.U. Din and P.S. Nicholson, "Creep of Hot Pressed Si 3 N4 ", ibid 10 1375-80

(1975).

-40 -



13. 1.S.B. Karunaratne and M.H. Lewis, "High-Temperature Fracture and Dif-

fusional Deformation Mechanisms in Si-AI-O-N Ceramics", ibid 15 449-62

(1980).

14. G.R. Terwilliger and F.F. Lange, "Pressureless Sintering of Silicon Nitride,

ibid 10 1169-74 (1975).

15. M. Mitomo, "Pressure Sintering of Si 3N 4 1, ibid 11 1103-07 (1976).

16. S. Prochazka and C. Greskovich, "Effect of Some Impurities - inf-ring

SiN1,pps. 489-502 in Proc. of International Symposium on 1- ,itors in

Densification and Sintering of Oxide and Non-oxide Ceramics, Edited by S.

Somiya and S. Saito, Gakujutsu Bunken Fukyu-kai, Tokyo, Japan, 1978.

17. M. Mitomo, "The Sintering of Si 3N 4 Under High Nitrogen Pressures", ibid

539-544.

18. C. Greskovich and J.A. Palm, "Development of High Performance Sintered

Si3N4,Final Technical Report, September 1980, Contract No. DAAG46-78-

C-0058.

19. C. Greskovich and J.A. Palm, "Controlling the Oxygen Content of Si 3N4

Powders", Am. Ceram. Soc. Bull. 59 (11) 1155-56 (1980).

20. I.C. Fluseby, H.L. Lukas and G. Petzow, "Phase Equilibria in the System

Si 3N 4-SiQ 2-BeO-Be 3 N 2"1, J. Am. Ceram. Soc. 58 (9-10) 377-80 (1975).

21. C.A. Johnson, "Confidence Bounds on Weibull Parameters", To be published

by Am. Ceram. Soc.

-41 -



Figure 1 SEM photomicrograph of a typical final processed powder. (10,000 X).
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Figure 2 Oxidation behavior of compacts of SN502-95 as a function of
temperature for a 60 minute isothermal hold.

- 43 -

I-I



t I

Figure 3 S ENI photoinicrograph of sample SN502-95-12 which was fired at
2145 C under 2.2 MPa of N 2 for 30 minutes. (10,000 X).

Figure 4 S E.M0 photomicrograph of sample SN502-95-13 which was fired at
2145 C under 2.2 MPa of N 2 for 60 minutes. (10,000 X).
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Figure 5 SEM photomicrograph of sample SN502-95-14 which was fired at
2145 C under 2.2 MPa of N2 for 30 minutes in the 1st step and 2045°C
under 2.2 MPa of N2 for 30 minutes in the 2nd step. (10,000 X).

.(

Figure 6 SEM photormicrograph of sample SN502-95-15 which was fired at
2145 0 C under 2.2 MPa of N2 for 30 minutes in the 1st step and 20450 C
under 2.2 MPa for 30 minutes in the 2nd step. (10,000 X).
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Figure 7 SEM photomicrograph of sample SN502-95-16 which was fired i
2145 C under 2.2 MPa of N 2 for 30 minutes in the 1st step and 1945
under 2.2 MPa of N 2for 30 minutes in the 2nd step. (10,000 X).
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Figures 8a and 8b SEAV photo micrograph showing an example of a porous regionwhc sthe strength limiting flaw at 60K and 1200X re-spec tiv ely.
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Figures 9a and 9b SE\' photonicrograph showing an example of an inclusion
which is the strength liiting flaw at 60X and 1200X re-
spec tively.
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Figure 11 Steady state creep rate versus V/T for GPS Si 3N 4.
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